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Abstract 
The future use of nanostructures such as silicon nanowires in solar cells will only occur if their growth is self-
organized, with high density, controlled dimensions and spacing. 
In this work we develop and study the first elaboration steps of high quality arrays of nanowires functionalized as 
solar cells using a radial junction. The core of the structure is made of a P-doped nanowire grown by Chemical Vapor 
Deposition (CVD) using the Vapor-Liquid-Solid (VLS) method, and the shell is fabricated by a 2D conformal 
deposition of N-doped silicon layer by CVD. The resulting device is then a dense array of vertically aligned and 
functionalized silicon nanowires that presents interesting enhanced light absorption. 
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1. Introduction 
The research for new energy sources is now of great stake and the weight of photovoltaics is 
increasing, however its cost remains high and prevents a good industrial development. Research is 
therefore carried out to find more cost effective ways of producing photovoltaic solar cells, among which 
the use of nanostructures such as silicon nanowires is investigated. Currently most of the studies and 
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characterizations are performed on single nanowire devices and resulting in promising photovoltaic 
capabilities [1,2]. But the use of these structures in large scale solar cells will only be possible if the 
control of their size and organization is achieved with high efficiency. 
A solution can be found with the use of a nanoporous Anodic Aluminium Oxide (AAO) layer which 
allows a good control in the localization and size of the nanowires: the alumina cylindrical channels act as 
a guide for the bottom-up growth of the nanowires, resulting in high density arrays of vertically aligned 
nanowires. This technique only requires basic electrochemical steps to create the AAO membrane before 
growth and is then very cost effective compared to techniques using electron-beam-lithography to localize 
the wires. 
We previously demonstrated the possible growth of high density silicon nanowire arrays using AAO 
template on silicon wafer [3]. In this paper we report on the fabrication of high quality nanowire arrays 
and show that they are well suited for solar application. Indeed the large specific area developed and the 
optical properties of such arrays increase their absorption of light. Moreover, we propose a core-shell 
structure for the P-N junction, which enables a decoupling between light energy absorption and charge 
carrier collection [4]. 
2. Experimental 
2.1 Silicon nanowire array 
An aluminium film was evaporated onto a silicon substrate using an e-beam evaporator at a vacuum of 
approximately 10-7 mBar. The AAO layer was then formed using a double anodization process described 
elsewhere [5] in a standard electrochemical cell with a platinum counter electrode. A 3% by weight oxalic 
acid (C2H2O4) was used as alectrolyte and the alumina was formed under a constant voltage of 40V using 
a Parstat 2273 potentiostat. The pores of the alumina layer were then enlarged by dipping the sample in a 
7% by weight orthophosphoric acid (H3PO4) solution at 30°C for about ten minutes. The final diameter of 
the pores depends on the enlargement duration and can be controlled from 50 to 90 nm. This last step also 
removes the remaining oxide barrier at the bottom of the pores. 
The silicon nanowires are grown using gold as catalyst. A solution of gold chloride containing Au3+
ions is then used to deposit the catalyst at the bottom of the pores of the AAO layer by an electrochemical 
technique: a current is imposed by a Keithley 2612A between the silicon substrate and the gold solution 
causing the gold ions to be reduced at the interface with the substrate, creating a gold deposit at the 
bottom of the pores of the AAO layer. The samples are then placed in a Chemical-Vapor-Deposition 
(CVD) reactor for a Vapor-Liquid-Solid (VLS) mode growth, which is carried out at 580°C under a total 
pressure of 3Torr with a flow of 25 standard cubic centimetre per minute (sccm) of silane SiH4, 100 sccm 
of hydrogene chloride HCl, and diborane B2H6 at a ratio determined as a function of the doping level 
wanted. Once the nanowire growth is achieved, the AAO layer is etched in a commercial aluminium etch 
solution at 60°C in order to expose the silicon nanowire array. 
The last step is to deposit the 2D conformal layer of N-doped silicon to form the radial electronic 
junction. After removal of the gold catalyst from the nanowire array, the sample is placed in the CVD 
reactor where silicon is deposited at the temperature of 600°C under a pressure of 3Torr and a 40 sccm 
flow of silane. Phosphine (PH3) is added at a flow rate calculated as a function of the desired doping 
level. 
2.2 Characterization 
Morphological characterizations are made using a Zeiss Ultra 55 Scanning Electron Microscope 
(SEM) equipped with a field effect electron gun allowing less than 10nm resolution. 
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Optical properties of silicon nanowire arrays are also investigated: samples are illuminated with a 
white light beam produced by a halogen lamp at an incidence of 45°, and the reflected beam is collected 
by a fiber optic towards a spectrometer which allows a spectrally resolved measurement of the 
reflectivity. 
The doping level of the nanowires is calculated after measuring their resistivity with a Keithley 4200
using a four probes I(V) measurement along their length. 
3. Results and discussion 
The formation of AAO layers on top of silicon wafer is under control and reproducible. Typical porous 
alumina membranes elaborated using the double anodization process is shown on Fig. 1a. We observe a 
regular distribution of the pores, exhibiting circular section and constant diameter through the entire 
length of the pores (see inset of Fig. 1a). In this case the distance between each pore is about 92 nm and 
can be controlled up to around 350nm by adjusting the anodization voltage. We notice that the bottom of 
the alumina pores is opened to the underlying silicon, which will ensure a good contact between the 
nanowires and their substrate. The subsequent gold electrodeposition causes the localization of a particle 
of gold catalyst at the bottom of each pore of the alumina layer. This filling of each pore with gold is at 
the origin of the high density of nanowires after the growth. 
Then silicon nanowires are grown in VLS mode in a CVD reactor as explained in the experimental 
section. The growth was stopped just before the nanowires reached the surface of the alumina template to 
avoid growth issues such as kinks or increase in the diameter of the wire as the gold catalyst droplet 
becomes free. The system results in a high-density nanowire array (around 1010 nanowires/cm²) with the 
presence of a silicon nanowire in every single pore of the alumina membrane, in contact with the 
substrate. After removal of the alumina template (Fig. 1b), it becomes clear that the nanowires growth 
was guided by the pores as revealed by the cylindrical shape of the gold catalyst on the top of each wire. 
We also notice a very good homogeneity in the vertical and horizontal dimension. Transmission electron 
microscopy (TEM) was used to check the cristallinity, and first results show that the nanowires grown 
into the alumina template are monocristalline. 
After removal of the gold catalyst, optical characterisations can be undertaken. A sample is then 
optically observed and presents a dark surface: a colour that attests of a strong optical absorption by the 
5µm long nanowires. Comparative reflectivity measurements presented in Fig. 2 show indeed a strong  
Fig. 1. a) SEM image of anodic alumina layers in top view revealing the good organization of the pores, with inset 
showing the uniformity of their shape along their length. b) After growth and removal of the alumina template, the 
dense nanowire array is revealed showing a good homogeneity between the wires. Inset: the nanowires are well 
separated; we can observe the cylindrical shape of the catalyst because of the confined growth into the alumina pores. 
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Fig. 2. Reflectivity measurements at 45° of incidence 
show a strong gain in absorption by the nanowire array 
compared to bulk silicon. 
Fig 3. Core-shell structure between the P-doped core
and the N-doped shell. The dashed line helps 
identifying the two parts of the junction. 
decrease in the reflection of light by the sample compared to bulk silicon. This result is in accordance 
with previous theoretical works [6,7]. The reflected intensity by our sample is ten times lower than the 
one by bulk silicon, which makes it very interesting for a use as an optical collector. However this 
property can still be improved by adjusting the dimensions of the nanowire array (period, diameter and 
length) according to the previously cited studies. 
The core-shell structure is then realised as shown on the Fig. 3 by conformal deposition of silicon on 
the nanowire core. The result is a layer of constant width which thoroughly covers the nanowire and 
makes a structural core-shell junction of high quality. The amount of defects at the interface and the 
crystallinity of the shell will have to be investigated by TEM. 
The doping level of the core as a function of the diborane to silane ratio have been measured (Fig. 4) 
and is in accordance with the literature [8]. The same measurements are currently being done for the 
doping level of the shell as a function of the phosphine to silane ratio, and the first electrical 
characterizations of solar cells will be carried out consequently. We expect a strong influence of the 
quality of the interface between the core and the shell on the quality of the resulting solar cell: a defect 
Fig. 4. Si nanowire resistivity as a function of the diborane to silane ratio. The resistivity decreases linearly as the 
diborane flux is increased. 
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free interface would ensure low reverse current and a better collection. The main advantage of using such 
a structure is the decoupling between light absorption, along the length of the wire, and carrier collection, 
along the radius of the wire, which should improve the solar efficiency [4]. 
4. Conclusion 
We demonstrated that the use of porous alumina membranes enables to grow high density nanowire 
arrays of controllable size. These arrays present a very good uniformity and the huge collection surface 
developed ensures an enhanced optical absorption. Indeed first optical characterizations are in accordance 
to theoretical studies and show an increase of one order of magnitude in the absorption of Si nanowire 
arrays compared to bulk silicon. The elaboration of core-shell junction is controlled and the first electrical 
characterizations will be carried out as soon as the doping level of the shell will be calibrated. This 
structure should allow an enhanced carrier collection and provide good solar behaviour. 
AAO layers will allow growing wires on universal substrates such as glass with a good regularity. This 
property will be a crucial point for developing silicon nanowire arrays photovoltaics and will be one of 
the next steps of our work.
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